. Structural map of the North Tanzanian Divergence with the main magmatic features (dark areas) and tectonic faults (black front lines: MBF, Manyara border fault; NMF, Natron border fault; ODO, Ol Doinyo Ogol). The red rectangle delimits the area of this study (see Fig. 2a for more details). Volcanoes: B., Burko; Em., Embagai; Es., Essimingor; G., Gelai; H., Hanang; K., Kerimasi; Ke., Ketumbeine; Ki., Kibo; Kw., Kwaraha; L., Lemagrut; M., Monduli; Ma., Mawenzi; Me., Meru; Ng., Ngorongoro; Ol., Oldoinyo Lengai; OS., Ol Donyo Sambu; P., Pello. (modified from Le Gall et al. 2008). active East African rift (EAR) system includes sectors where rifting initiates in thick, strong cratonic lithosphere (e.g. Ritsema et al. 1998; Petit & Ebinger 2000; Vauchez et al. 2005 ). The rift runs over almost 3000 km, from Afar to offshore Mozambique, transecting Archaean to Palaeozoic orogenic belts and Permo-Triassic to Paleogene rift zones (Fig. 1) . The rift evolution is influenced by one or two mantle plumes emplaced prior or synchronously to the rifting process (Ebinger & Sleep 1998; Rogers et al. 2000) . Their signature is imaged seismically (e.g. Ritsema et al. 1999 ) and detected through elevated He3/He4 ratios (Hilton et al. 1999; Pik et al. 2008) . The youngest stage of continental break-up occurs in North Tanzania, ahead of the eastern branch where the rift interacts with a strong cratonic lithosphere . This region provides unprecedented opportunities to evaluate models of continental lithospheric rift initiation and magmatic modification processes.
In order to shed light on the processes involved in continental breakup, we focus our analysis on the North Tanzanian Divergence (NTD) where the eastern branch of the EAR splits into three distinct arms : the Eyasi-Wembere, Manyara and Pangani rift (Fig. 1 ). This area is the location of a major change both in the structural expression of the rift (Dawson 1992; Foster et al. 1997; Le Gall et al. 2008) and in magmatic behaviour Muirhead et al. 2015; Lee et al. 2016) . Imaging lithospheric structures is one major step to understand the interactions between mantle rheology, magmatism, tectonics and inherited structures in this rifted area. Previous studies focused in this specific region were either local tomography restricted to the crustal structures (Albaric et al. 2014) , or teleseismic analyses on a too large scale to reach a sufficient lateral resolution for detailed lithospheric discontinuities (Ritsema et al. 1998; Priestley & McKenzie 2006) .
We have conducted a temporary seismological experiment for 2 yr in the NTD area in order to record passive seismicity (CoLiBrEA & CRAFTI projects) . We took advantage of this new and original data set to present new images of the 3D architecture of the crust and uppermost mantle in the NTD.
Here we present a receiver function (RF) analysis applied on the 38 seismological stations deployed over a ca. 200 × 200 km 2 area in the NTD (Fig. 2) . The RF method has for long proved Lithospheric LVZs in the Tanzanian Rift 467 its ability to image crustal and/or mantle interfaces (e.g. Langston 1977) . Based on the conversion of seismic phases (Ps) on interfaces lying at depth beneath the seismic recorder, this approach provides either a velocity profile or a layer thickness coupled with a Vp/Vs ratio. We first performed an H-k stacking inversion in order to retrieve the overall crustal thickness and Vp/Vs variations. This allows us to identify the location of rifting within the crust, and to investigate the crustal composition variation due to magmatism. Second, we used forward models to explore in more details crustal and mantle structures. Our results are then discussed in terms of magmatism, anisotropy and crustal/mantle modification during a continental breakup.
G E O L O G I C A L S E T T I N G
The eastern branch of the EAR formed along the eastern side of the deeply rooted Archaean Tanzanian craton (Fig. 1) . Rifting initiated at ca. 25 My in the Turkana region, but faulting and magmatism in the Magadi-Natron-Manyara area initiated less than 7 My ago (Baker 1986; Mana et al. 2012) , where they appear to have been co-eval Le Gall et al. 2008) . Rifting initiated in Pan-African lithospheric domains which imparted a strong N-S fabric to crustal rocks (Smith & Mosley 1993; Le Gall et al. 2008) . The NE-trending Eyasi-Wembere rift arm cross-cuts the east of the suture of the Pan-African-Archaean boundary and continues further SW across the deeply rooted craton. From geodetic data, direction of plate separation in East Africa are estimated at 4 mm yr −1 in an approximately E-W direction (Saria et al. 2014) .
Crust and mantle xenolith data indicate that Archaean mantle lithosphere underlies thin-skinned thrusts of the Pan-African orogen and that much of the Natron-Manyara rift zone formed above Archaean mantle lithosphere (Vauchez et al. 2005; Aulbach et al. 2008; Baptiste et al. 2015) . Last et al. (1997) and Dugda et al. (2005) provide constraints on crustal structures south and north of our study area, respectively. Last et al. (1997) found no change in crustal thickness crossing the Archaean-Proterozoic boundary through the central Manyara rift. Dugda et al. (2005) find slightly thicker crust in the Pan-African belt (39-42 km) than beneath the Tanzania craton (37-38 km). Their Vp/Vs ratios estimates (1.7-1.78) are indicative of little crustal modification outside the rift zone. Crustal velocities and thicknesses are well constrained in the Magadi rift zone by the KRISP project refraction line that shows significant crustal variation (ca. 10 km) beneath the central rift valley (Birt et al. 1997) . Recorded seismicity occurs throughout the region, with relatively deep lower crustal earthquakes beneath the Manyara basin (Albaric et al. 2009; Mulibo & Nyblade 2009; Craig et al. 2011; Albaric et al. 2014) , and beneath the Natron basin (Lee et al. 2016,Weinstein et al., submitted) .
Our study mainly focuses on the lithospheric structure beneath the N-S trending Magadi, Natron, and Manyara basins and surrounding uplifted flanks (Fig. 1) . The western flank of the Manyara basin is cross-cut by NE-trending faults and eruptive centres of the seismically active 'Crater Highlands' area which includes a number of Pliocene-Recent eruptive centres (Dawson 1992; Muirhead et al. 2015) , at the western extremity of the Ngorongoro-Kilimanjaro transverse volcanic axis Mana et al. 2015) (Fig. 1) . Mana et al. (2015) document a northeastward migration of magmatism from the Eyasi area from about 5.9 My to 0.5 My, with a main pulse of activity occurring at about 2.3 My. Ol Doinyo Lengai (Fig. 1) is an active carbonatitic volcano lying in the rift valley near the tip of the Manyara border fault. A sequence of damaging earthquakes, dike intrusion, and eruption at Ol Doinyo Lengai volcano in 2007 documents ongoing activity (Baer et al. 2008; Calais et al. 2008) . The source of the dike that intruded the flank of Gelai volcano in the central Natron basin was assumed to be from an active magma chamber beneath Gelai, but the youngest lava flows here have been dated at ∼1 My (Mana et al. 2015; Muirhead et al. 2015) . Prior to this study, it was unclear whether magma chambers do occur beneath volcanoes.
R E C E I V E R F U N C T I O N A N A LY S I S

Data processing
To investigate the crustal and upper mantle structure below the NTD, we analysed data recorded during the CoLiBrEA and CRAFTI twin multidisciplinary projects (French ANR and US NSF projects, respectively). A temporary seismic network of 38 broad-band stations was deployed from January 2013 to December 2014 in the MagadiNatron-Manyara rift basins and their flanks (Fig. 2a) . Each site consisted of a Reftek recorder connected to a STS2, Trillium 120, Trillium Compact, 3T or 40T sensor. The equipment was connected to a GPS antenna and power was supplied by a battery reloaded by solar panels. We selected events with magnitude greater than 5.5 to ensure a good signal-to-noise ratio. Both P-and PP-events were used to provide a wide range of back azimuths by selecting events with epicentral distances between 30
• -90 • (P) and 90
• -180 • (PP) (Fig. 2b) .
We first rotated the three-component seismograms from the geographical system (ZNE) into radial, transverse and vertical components (ZRT) and then applied a Butterworth band-pass filter between 0.08 and 0.8 Hz. The radial and transverse RFs were computed from an iterative time-domain deconvolution on a 50 s time window (10 s before P or PP arrival time and 40 s after) with a Gaussian width of 2.5 s (Ligorría & Ammon 1999) . The radial RFs were selected based on a least squares misfit criterion. The recovered radial component should at least reproduce 90 per cent of the initial one. This threshold dropped to 80 per cent for stations with a lack of records (instrumental problems) in order to ensure a sufficient number of data to widen the back azimuthal coverage (PR12 and PR13, Fig. 2a) . Following this procedure, we obtained between 17 and 107 individual RFs per station (Table 1) . The RFs present a high signal-to-noise ratio and a clear Ps conversion phase at the Moho at about 5 s after the first P peak taken as the time origin for the RFs (Fig. 3) . The first multiple (PpPs) is clearly observed at ca. 15 s, and some intermediate phases are also present either before or after 5 s. The clarity and strong amplitude of the Ps and PpPs conversion phases justify to apply the now classically used (H-k) stacking inversion to determine first order Moho depth and Vp/Vs ratio (Zhu & Kanamori 2000) . However, this method fails to characterize dipping or anisotropic interfaces and second order conversions with weaker multiples. Our Rfs present both intracrustal and mantle conversion phases (Fig. 3 , Px and Pxx, respectively), the latter showing an azimuthal dependency. We constrained those second order features with direct modelling, allowing for velocity inversions, anisotropy and dipping interfaces (Frederiksen & Bostock 2000) .
Inversion
In receiver function analysis there is an inherent trade-off between crustal thickness (H) and Vp/Vs ratio (k). The stacking grid search technique in the H-k domain reduces this trade-off by combining the P to S conversion (Ps) with its two multiples (Zhu & Kanamori 2000) . For each station Ps theoretical arrival times, its first (PpPs) and second multiples (PpSs+PsPs) are calculated for all (H,k) couples in a given range. The RF signal amplitudes at these times are stacked and the maximum of this function corresponds to the most coherent (H,k) combination. This method assumes purely horizontal interfaces, isotropic medium and an average crustal P-wave velocity (Zhu & Kanamori 2000) . In our case, we extracted the mean crustal P-wave velocity for each station from Albaric et al. (2014) velocity model (Table 1) . We defined H and k to initially range between [20-50 km] and [1.6-2.0], respectively. These boundaries correspond to common values found in these types of rift (e.g. Dugda et al. 2005 ).
Finally we controlled the impact of each phase (Ps and its two main multiples) on the results in the objective function computation by setting a weight for each ones. Most RFs show a very Table 1 . Moho depth and Vp/Vs ratio (k) results from the H-k stacking method for all seismic stations. The mean crustal P-wave velocity used for each station is taken from Albaric et al. (2014) . We have an average of 67 events processed per station (46 P-RF and 21 PP-RF), with a mean Moho depth of 35.9 km and an average Vp/Vs of 1.77. The reported error is deduced from the bootstrap algorithm and corresponds to the maximum value of either Evp or Eb (see the text for explanation). Stations also proceeded with a direct modelling are followed with a star (Frederiksen & Bostock 2000 (Fig. 3 ), allowing for a reduction of possible (H.k) couple. The second multiple (at ∼20 s) is hardly notable in our case, certainly due to destructive interference with other multiple layers. After several tests, we finally chose 0.6, 0.3 and 0.1 to be our preferred weighting factors for the 3 phases. We then identified the best couple (H,k) from the stacking functions ( Fig. 4 ) and estimated the associated error from the bootstrap method (Efron & Tibshirani 1994) . This error computation allows to quantify the widening of the objective function due to an azimuthal dependency, a complex geometry interface or noisy data. Following Tiberi et al. (2007) , two errors were computed: one to account for the scattering of the data set (Eb) and the second to consider the crustal P-wave velocity uncertainty (Evp). For Eb error, we computed a standard deviation and the 95 per cent ellipse error from 200 subsets of data processed with the H-k stacking method (Fig. 5 ). For velocity uncertainty, we randomly chose 200 crustal Vp values between 6 and 7 km s −1 and reprocessed the whole data set for those values. The final error reported in Table 1 is the maximum value of either Eb or Evp. Fig. 4 for the H-k stacking method results). Eb is the error accounting for data scattering and Evp reflects the P-wave velocity uncertainty.
Forward modelling
for several interfaces, as well as anisotropy and dipping interfaces when suspected. We applied this technique on stations with clear intracrustal and/or mantle conversions (Table 1) . We computed both the radial and transverse components of the RFs to maximize the information about the intracrustal and mantle interfaces (e.g. Jones & Phinney 1998) . We constrained the starting model with Moho and Vp/Vs estimates from our H-k stacking. Then we progressively added complexity by introducing additional layers, dipping interfaces and/or anisotropy. The resulting radial and transverse RFs are then visually compared to the observed ones.
R E S U LT S
General features
We first applied the grid search stacking method of Zhu & Kanamori (2000) to our complete receiver function set ( Table 1 ). The average errors on Moho depth and Vp/Vs ratio are ±2 km and ±0.03, respectively. The largest values are observed for stations exhibiting Ps azimuthal variation. This is the case for KEN2 site ( Fig. 2a and Table 1 ) which combines this feature with a small number of events and thus presents the largest error in crustal thickness (∼7 km, Table 1) , our results depict slightly lower values than those from Last et al. (1997) and Julià et al. (2005) , which show a mean Moho interface at 38-42 km depth, at a broader scale. Since our study area is more restricted and our network samples many different geological units, we thus claim for more details and lateral variability in our results. For the western flank, the crustal thickness decreases from south (∼38 km near Ngorongoro) to north (∼34.8 km), but remains thicker on average than the eastern flank (36±1.7 km). Both flanks are associated with the lowest Vp/Vs ratio (1.66 to 1.73).
In contrast with the two flanks, a thinner crust is observed in the rift axial valley (∼34 ±2 km) associated with a higher Vp/Vs (1.75-1.81). The highest Vp/Vs values (>1.85) are spatially associated with stations closed to volcanic structures: LN26 (Ol Doinyo Lengai), MW41 (Monduli), PR31, MW36 and MW42 (Ketumbeine) (Figs 2a and 6 ). The NTD Vp/Vs values are close to the ones estimated in the Albertine rift (Gummert et al. 2015) but never overtake the extreme values in Main Ethiopian rift (Stuart et al. 2006) .
3D local Moho features
On the eastern edge, stations LN14, LN16, LN46, PR13 present a clear Ps peak at 5 s which weakens or even disappears for a restricted back azimuth range (for example LN14 on Fig. 7 ). This is associated with a very weak signal on the transverse component and no periodic behaviour. This pattern is thus unlikely produced by crustal anisotropy or a dipping Moho. Alternatively, we assign the absence of Moho signature to a very local structure. Events coming from these azimuths (between N100
• E and N200
• E) may have travelled through either a low-velocity upper mantle or a fast lower crust which both possibly reduce the impedance at the Moho in a restricted area. Events coming from other back azimuths show a clear Ps conversion with no or only weak intracrustal signal, suggesting a rather homogeneous crust (see for example LN14 in Fig. 7) .
Stations located on the Crater Highlands (PR52, PR53, PR62, PR63, PR64, NG56, NG55, Fig. 2a ) exhibit a clear disturbance in the Moho Ps conversion with a back azimuth dependency (Fig. 8) . The conversion weakens or even splits for some events and is also present on the transverse component. This pattern is restricted to the volcanic edifices, and is coupled with little variation in crustal thickness over the area (Fig. 6) . In order to detect any correlation with geological features, we have reported the piercing points for Fig. 2a for names). The background values of the map are interpolated through ∼25 km radius circle around each station. The radius of the circle corresponds to the mean distance between each station and its piercing points computed at its Moho depth. Areas without data are grey tint. White lines represent topographic contours. We add the main volcanic and tectonic (black lines) structures and name of some of the stations on which we focus during the study (NMF, Natron master fault; ODO, Ol Doinyo Ogol). the concerned stations at the Moho depth over the Vp/Vs ratio map (Fig. 9a) . RFs with a disturbed Ps conversion (double or wider peak, disappearance, ...) significantly differ in location from those with a clear Moho signal and correspond to higher Vp/Vs ratio areas (>1.80, Fig. 9b ). On a roughly East-West profile, the Ps disturbance is also associated with the occurrence of a negative Px conversion within the crust (Fig. 9c) . Those patterns typically reflect 3-D variations of the Moho geometry and crustal structures, most likely related to the Crater Highlands and volcanic edifices inner system.
Intracrustal interfaces
A distinct signal waveform that discriminates the stations is the presence or absence of intracrustal converted phases (before ∼5 s and noted Px, Fig. 3 ). For example, LN14 does not exhibit any strong converted phases within the crust (Fig. 7) whereas KEN4 presents a clear negative peak around 3 s (Fig. 10) . The sedimentary layer in North Tanzania and South Kenya basins is estimated to be ca. 3.5 km thick (Birt et al. 1997; Ebinger et al. 1997) and cannot be responsible for such feature. In order to explain the strong negative conversion Px observed (Fig. 3) , one would expect at least 10 km of sediment thickness (Guo et al. 2015) . It can rather be related to the upper bound of a low-velocity zone (LVZ) near 15 km depth as it is confirmed by modelling receiver functions for simple crustal models (Fig. 10) . The velocity decrease can reach ∼7 per cent and ∼16 per cent for P-and S-wave, respectively. A similar LVZ in the lower crust is deduced from receiver function analysis in the western branch of REA (Wölbern et al. 2010) . We map in Fig. 11 the stations with (1) a clear low-velocity lower crust (red circles), (2) a weak intracrustal phase (orange), and (3) no intracrustal signature (white). The stations exhibiting this intracrustal interface are restricted to the central part of the network and worthy correspond to the location of the low-velocity pattern obtained with a joint ambient noise and arrival time tomography (Roecker et al., submitted) . The geometry and contours of this layer are complex and are echoed by a backazimuth dependency for some stations. Particularly, KEN4, LL22 and LN26, located on the edge of the rift basins, all display a fading of this intracrustal negative conversion at ∼2 s for western events (Fig. 10) . This characteristic reflects the difference in crustal structure between the flank (Proterozoic basement terranes) and the axis of the rift. Some stations also exhibit a backazimuth dependency for this interface that can come either from a dip or anisotropy (KEN3, LN15, LN35, PR52, PR62, MW43, MW44, NG56). However, the uneven back azimuth distribution, potential interaction with other conversions and poor mutual characteristic between the stations prevent us from discriminating between those two factors by simple direct models.
Stations MW41, MW42, MW43, PR31 and PR32 (Fig. 2a) all present an increasing complexity of the crustal signal with multiple Px conversions and quite high amplitudes on the transverse component (Fig. 12) . Direct models for those stations did not lead to a constrained and faithful unique solution due to the high numbers of unknown (9 per layer). This pattern simply enhances the conspicuous complexity and layering of the crust within the axial valley. We confidently relate these coherent successive Px peaks to either volcanic features in the neighbourhood of the Ketumbeine (PR32 and PR31), and Monduli (MW41) volcanoes, or the presence of Pliocene-recent sedimentary infill along the rift axis (MW42, MW43).
Uppermost mantle interface
Most of the stations show a negative phase conversion ca. 7 s after the first P peak. This conversion (noted Pxx see Fig. 3 ) is clear even in the absence of intracrustal signal, discarding potential intracrustal multiples (Fig. 7) . This negative signal is in agreement with an upper mantle interface displaying a decreasing velocity with depth. We have proceeded to simple direct modelling following the Frederiksen & Bostock (2000) technique to characterize this interface for stations where the peak is clearly expressed (Table 1) .
For stations located on the western edge of the rift (LL21, LL65, LL66, NG56, PR61, PR63, PR64, KEN4, Fig. 2a) , the arrival time of the negative peak after the Moho Ps conversion is back azimuthdependent with a 2π period (Fig. 10) . The associated interface corresponds to a plane dipping 20
• -30
• to the west-northwest. The depth of this dipping interface varies between 50 and 75 km, but is systematically associated with a decrease of 6 to 9 per cent in Pand S-wave velocity, respectively. A quite similar inclined structure is imaged at the eastern stations (LN14, LN16, LN46, PR11, PR13, Fig. 2a ), but with an opposite dipping angle (20
• to the East). We reported those orientations (strike and dip) over the Vp/Vs map (Fig. 13) .
We are fully aware that these models are non-unique, however the dip and the strike of the interface plane are based on the back azimuth dependency and we confidently constrain the value between ±10
• . A horizontal mantle interface failed to reproduce the radial observed stacked RFs, whereas a dipping interface better fits the widening of the phase at 7 s (Fig. 14) . Moreover the dip, strike and depth of this interface are consistent from one station to another. For PR63 and PR61 for example, the geometry of the dipping interface (30
• to the West) is coherent with a depth of ∼48 km under PR63 and 19 km deeper for PR61 (∼67 km, Fig. 13) . Finally, the presence of a low-velocity mantle beneath the region is consistent with previous seismological results that demonstrated a marked decrease of surface waves velocity between ∼60 and 100 km depth (Fishwick & Bastow 2011; Weeraratne et al. 2003; O'Donnell et al. 2013) .
D I S C U S S I O N
The main structural features of the NTD area, deduced from our RF analysis, are synthesized on the schematic lithospheric-scale block diagram in Fig. 15 (see Fig 2a for the position) , and consist as follows:
(i) A relatively deep Moho ranging from 28 to 41 km depth. The thinnest crust is localized in the axial rift valley and corresponds to the most complex and layered signal in the RFs. The thickest crust is observed below the Crater Highlands and beneath Proterozoic mobile belt, where RFs depict a rather homogeneous crustal signal (Fig. 6) .
(ii) From East to West, an asymmetric Moho interface with the steepest slope westwards beneath PR63 (Fig. 8) .
(iii) A clear low-velocity lower crust in the central part of the network, the top of which lies at 15-18 km depth (Fig. 11) . It Figure 13 . Map of the mid-lithospheric discontinuity delimiting a low velocity underlying mantle deduced from direct modelling (Frederiksen & Bostock 2000) . Black triangles represent stations with no detectable mantle interface signature and grey circles represent stations with a mantle interface signature in their RFs, for which no satisfying interface geometry was found due to too global complex signal. Stations for which the geometry of the mantle interface was successfully modelled are represented with brown circles (colour scale representative of the interface depth). The dip angle value is written next to the corresponding station. Background colour map depicts crustal Vp/Vs ratio with topographic contours (white lines).
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does not seem to correlate directly with volcanic edifices at the surface and exhibits a complex 3-D geometry.
(iv) Presence of crustal anisotropy in the rift valley and beneath the volcanic edifices.
(v) A low-velocity mantle layer from 60-70 km depth underlying a normal upper mantle. The asymmetrically dipping attitude of this interface is particularly clear in the eastern and western parts of the region, with an SE and NW dip, respectively (Fig. 13 ).
We will now discussed their meaning in terms of rifting processes in a cratonic lithosphere, tectonic and magmatic mechanisms for the NTD.
Vp/Vs variations in terms of crustal composition
The Vp/Vs ratio is commonly used to estimate the bulk composition of the crust (e.g. Domenico 1984; Christensen 1996) . It usually ranges between 1.6 and 2.0 and is sensitive to rock composition, especially to quartz and feldspar/plagioclase percentage. Vp/Vs ratio usually exhibits low values for felsic composition rocks (1.71 for granite, 1.78 for granodiorite) and increases for mafic rocks (1.84 for gabbro) (Holbrook et al. 1992; Zhao et al. 2010) . The presence of fluids and partial melt are also known to control Vp/Vs ratios, the latter increasing with higher contents (Watanabe 1993) .
In our study, the lowest ratios (1.66 to 1.73) are localized beneath the rift flank and coincides with the Archaean crust West of the Crater highlands. They are consistent with previously determined value of ∼1.74 (Last et al. 1997; Mollel et al. 2008) . There is no significant difference between eastern and western flanks, both of them exhibiting values consistent with the presence of cratonic and Proterozoic belt rocks (gneiss or granitoid composition, Harvey 2005) .
The stations located in the rift valley and Crater Highlands present higher Vp/Vs values (between 1.75 and 1.81) that coincide with locations of either volcanic edifices, Quaternary sediments and/or interbedded mafic lavas and volcanoclastics (Figs 1 and 6 ). In the study area, magmatic fluids (e.g. partial melting), water contents and rock composition may equally affect the Vp/Vs values. Moreover it is important to note that our H-k stacking value is only a crustal average and can thus result from different layers interaction, particularly for stations with an intricate crustal signal (e.g. Fig. 10 ). Direct modelling requires an even higher Vp/Vs ratio restricted in the crustal LVZ for some of the central stations (up to 1.91, Table 2 ). This result strongly supports the presence of partial melt within the lower crust in the rift valley. Those high Vp/Vs values can however be artefacts from anisotropy or complex structures within the crust (Hammond et al. 2014) . We strongly suspect anisotropy to be present beneath some of the stations (e.g. MW44 presents strong energy on the transverse component with clear both polarity and amplitude π -periodicity). However it is difficult to quantify in such a complex setting the effect of anisotropy, dipping interfaces, lateral heterogeneities or multiple layering on the Vp/Vs values. We thus consider our results as an upper bound for the Vp/Vs ratio which can be compared with values obtained from independent other methods (i.e. Roecker et al, submitted) . Even if overestimated, our Vp/Vs ratios in the Rift valley are indicative of a lower degree of partial melt compared to more mature rifts, which is consistent with an earlier stage of continental breakup (e.g. the Main Central Rift in Ethiopia, Stuart et al. 2006; Hammond et al. 2011; Keir et al. 2011; Reed et al. 2014) .
Breaking up a thick crust
Results from H-k stacking analyse show that the Moho evolves from 35-40 km deep beneath the rift flanks up to 28 km in the Rift valley. This crustal thinning is asymmetric, with a steeper slope for its western part (Fig. 15) . This steepest gradient coincides with the location of the deeply buried eastern edge of the Tanzanian craton and with the fault-like structure bounding both the Ngorongoro volcanic zone and the Natron half-graben (NNE-SSW-oriented Natron master fault and Ol Doinyo Ogol). We relate this to the Tanzanian Craton influence, which may create a sharper rheological boundary compared to the heterogeneous Proterozoic mobile belt ). This thinning is comparable in amount to the ∼10 km observed in the Main Ethiopian and Kenya rifts (Keller et al. 1994; Stuart et al. 2006 ), but does not seem associated to underplating here. Our Ps Moho conversion phases are undoubtedly sharper and do not reflect any gradual velocity contrast contrariwise to the Main Ethiopian Rift, for example (Stuart et al. 2006) .
We associate the high values of Vp/Vs ratio and the presence of an LVZ in the lower crust to the effect of magmatism, which will ease the breaking up of the lithosphere by intruding partial Figure 15 . Simplified structural scheme of an ENE-WSW profile (YY' in Fig. 2 ) of the North Tanzanian Divergence deduced from the receiver functions analysis. Table 2 . Conversion depths and Vp/Vs ration for the crustal low-velocity zone for the most representative stations obtained from Frederiksen & Bostock (2000) melt in the crust (Buck 2004) . If magmatism does not express here by means of mafic underplating, it modifies the crust through two different schemes in the NTD: local connections between mantle and crustal material, and through a broaden lower crust LVZ. First, we interpret the correlation between highest Vp/Vs ratios over the whole Crater Highlands (e.g. ∼1.9 for PR52) and disturbed Ps Moho conversions (Fig. 9) as possible connection or coupling between crust and mantle material. This coupling is less obvious for basaltic shield volcanoes within the axial valley (Gelai and Kitumbeine), where the most disturbed RFs only come from events piercing a region S-SE of Gelai. This region coincides with a strong negative velocity anomaly recently identified in the lower crust (Roecker et al., submitted) . The intense and persistent seismicity 8-10 km deep organized in an elliptical (map view) zone between Gelai and Oldoinyo Lengai volcanoes has been interpreted as a magma chamber and sill complex feeding the 2007 Lengai eruption (Baer et al. 2008) . But our new results indicate a much deeper magma body and feeding than was first inferred from models of InSAR (Calais et al. 2008; Biggs et al. 2009 Biggs et al. , 2013 . The weaker correlation between high Vp/Vs ratio and disturbed Ps phase recorded in the axial rift valley may also result from a number of combined factors. First, we used a standard 1-D model (IASP91, Kennett & Engdahl 1991) to calculate the piercing points. The highly heterogeneous crust within the axial valley may lead to mislocated points (Albaric et al. 2014, Roecker et al., submitted, Fig. 11 ). Second, our Vp/Vs estimate results from a computation over the whole RFs, regardless of ray azimuth. Vp/Vs lateral variations for a given station is then limited and may not include all the complexity of the axial valley signal. Lastly, this poor correlation can reflect smaller wavelength structures not detected by our ray distribution and affecting the RFs with less consistency. The lateral influence of the ray over the Fresnel zone has not been taken into account here, and can be responsible for the observed discrepancy. Conversely, the crust and mantle connection beneath the Crater Highlands seems to be wide enough to consistently affect the RF signal over a broader area.
Magmatism further modifies the crust by way of a clear LVZ in the lower crust starting at 15-18 km depth we retrieve beneath the rift axial valley. This decrease of velocity (∼9 per cent for P wave and ∼15 per cent for S wave) is consistent with the latest crustal tomographic models in the area (Fig. 11 , Albaric et al., 2014, Roecker et al., submitted) . Stations located between the Crater Highlands and central rift valley (LN25, LN26, PR53, MW36 and MW43) coincide yet with normal to high S-wave velocities (Fig. 11) . A detailed backazimuthal inspection of those RFs shows that the low-velocity Px phase is only present for events passing through either Ngorongoro or Gelai volcanic areas. Events not coming from those backazimuths depict only little or no intracrustal signatures, highlighting the strong 3-D structure of this layer. Our network distribution permits to reveal the complex 3-D geometry of this LVZ, localized in the Natron rift segment and around the Crater Highlands (Fig. 11) but which does not extend to the Tanzanian Craton (Julià et al. 2005) . From our RF analysis, we may further argue that the Natron master fault acts like a barrier and prevent this LVZ to go further West. As proposed at a wider scale by Ebinger & Sleep (1998) the spatial distribution of this LVZ may be controlled by inherited crustal structures and crustal thickness variations that might have both acted as a guide or a barrier for the low-velocity pattern.
Previous seismological studies in Tanzania at a broader scale show a similar low velocity layer starting at ∼20 km (Last et al. 1997; Julià et al. 2005) . At the scale of the East African Rift, some segments display similar features (Keranen et al. 2009; Tuluka 2010; Wölbern et al. 2010; Gummert et al. 2015) , and more generally low-velocity crustal zones are observed for similar depth in other rifts, such as the Rhine graben (Fuchs et al. 1987) , Southern Tibet (Cogan et al. 1998; Jiang et al. 2014 ) and the Baikal Rift (Mordvinova et al. 2007; Basuyau & Tiberi 2011) . In most cases, this pattern is attributed to multiple deep processes or features such as partial melting, magmatic chambers, aqueous fluids or even crustal delamination (e.g. Wallner & Schmeling 2011) . Simple direct modelling we performed using Frederiksen & Bostock (2000) technique pleads for high Vp/Vs value (∼1.9) restricted within this LVZ (Table 2) . We thus interpret this LVZ to be the location for partial melting with a lesser amount than for more mature rift.
Anisotropic behaviour
Recent seismicity studies (Weinstein et al., submitted) , active CO 2 degassing along border faults (Lee et al. 2016) , and the 2007 dike intrusion (Calais et al. 2008; Biggs et al. 2009 ) attest to fluidfilled crustal cracks within the study area, that are likely able to produce anisotropic behaviour recordable by our network (Gerst & Savage 2004; Keir et al. 2011; Hammond et al. 2014) . If some of our stations present backazimuthal dependency clearly imputable to anisotropic crustal structures (e.g. MW44), the transverse component of our RFs is most of the time hardly attributable to only one causing factor (e.g. MW41 on Fig. 12 ). Dipping interfaces can mix with anisotropy to produce a complex signal on the transverse component (e.g. Jones & Phinney 1998; Wirth & Long 2012) . Our H-k stacking and the simple direct models we performed cannot unequivocally distinguish between those factors, given the complexity and numbers of interfaces involved in the observed RF signal. A thoroughly analyse of the signal through more sophisticated methods taking into account phase back-azimuthal variations or polarity change on the transverse component might resolve these ambiguities (Shiomi & Park 2008; Bianchi et al. 2010; Park & Levin 2016) . Moreover, when present, the transverse component does not systematically show a common behaviour over the whole network, hence being indicative or either different axis of anisotropy, or variation in the dip of the interfaces.
Upper mantle structure
The modification of the lithosphere by rifting is not restricted to the solely crust, but considerably affects the upper mantle too, as we identified a clear velocity decrease of ∼9 per cent at ca. 60 km depth (Fig. 13) . Its strong and clear signature on either side of the rift valley advocates for a continuous and high-velocity contrast, even if its presence is not firmly assessed for the very central part of the rift, due to strong interference and multiple phases in the RF signal. We relate this lithospheric LVZ to the velocity decrease recorded at a more regional scale by surface wave tomography at about 70 km associated to a locally high Vp/Vs ratio (1.9) in the volcanic areas (e.g. Weeraratne et al. 2003; O'Donnell et al. 2013 O'Donnell et al. , 2016 . Our denser array and the quality of our data bring new insight on this LVZ, in particular on its dipping geometry and depth variation at the scale of the whole NTD. Several processes can be invoked to explain this mantle LVZ beneath the NTD (Fig. 16): (i) seismic anisotropy, due to either mantle flow (Bagley & Nyblade 2013) , lattice-preferred orientation (Tommasi et al. 1999) or oriented melting cracks (Holtzman & Kendall 2010) can produce a local change in velocity. Our RF analysis can hardly be conclusive for the presence of azimuthal anisotropy within the lithosphere, and particularly in this LVZ. Recent SKS analyses emphasize the presence of mantle anisotropy (Albaric et al. 2014; Ebinger et al. 2016) , but it barely explains 9 per cent of velocity reduction within the mantle in all directions. We thus plead for the contribution of another main factor.
(ii) a metasomatic alteration of the mantle : This LVZ could evidence the boundary between a metasomatized and a more 'normal' mantle in agreement with Mattsson et al. (2013) who showed that the volcanic rocks around the Natron lake and the Engaruka area originate from a metasomatized lithosphere (Fig. 16a) . Additional evidence are supplied by mantle xenoliths from Pello Hill and Eledoi areas (south of Gelai volcano) that recorded metasomatism-induced hydration (Baptiste et al. 2015) . Wölbern et al. (2012) invoke a mineralogical alteration of the lower lithosphere by means of metasomatism to explain a similar LVZ at about 70-90 km beneath the Albertine Rift (Western EAR Branch). Ascending asthenospheric melts can produce this alteration of the lithosphere. Inherited structures (craton, Proterozoic fabric) may have restricted the ascent of the asthenosphere and explain the trend and dip of the interface (Fig. 13) .
(iii) the presence of a partial melting front (Fig. 16b ). Melilititic and nephelinitic rocks from the Natron lake area show degrees of partial melting consistent with melting zones as deep as 60-75 and 75-90 km (Mattsson et al. 2013) . A melt fraction of 3-6 per cent can reduce seismic velocity by 5-10 per cent in the upper mantle (Olugboji et al. 2013) , depending on melting body geometry (Faul et al. 1994; Takei 2002) . Moreover, accumulated melt at midlithosphere could feed the LVZ observed at low crustal depth and can be related to the intricate axial valley structure complexity observed in the RFs. However, no evidence for underplating is found within the RFs, which all show very clear Ps conversion at the Moho depth, and a normal upper mantle velocity below this interface, by contrast to patterns typically observed in more mature magmatic rift zones (Stuart et al. 2006) . In order to fit the observed sharp seismic signature on the RFs, additional processes (viscosity, permeability) are requested to maintain a large melt fraction in a thick layer to produce a recordable seismic signal as observed (Olugboji et al. 2013) .
(iv) elastically accommodated grain-boundary sliding (EAGBS, Fig. 16c ) provides an alternative explanation for a velocity drop at mid lithospheric depth (Karato 2012; Karato et al. 2015) . At moderate temperatures, grain boundaries weaken and lead to the reduction of the elastic modulus for polycrystalline aggregates (Zener 1941; Kê 1947) . The induced velocity decrease and its location in depth will depend on water content, geotherm and grain size. Olugboji et al. (2013) show that the reduction of velocity produced by EAGBS is recordable by P-receiver functions, depending on the sharpness of the velocity contrast created. This process has already been proposed to explain mid-lithospheric discontinuities (MLD Faul & Jackson 2005; Selway et al. 2014 ) but gradually leads to diffusion creep processes with increasing temperature (Lee et al. 2011) . EAGBS is then usually restricted to uppermost mantle depth, even if the presence of a secondary phase of low viscosity (e.g. melt) makes the EAGBS predominant at higher temperature (Jackson et al. 2006) . The velocity drop caused by EAGBS is poorly constrained (Faul & Jackson 2005) and can reach 5 per cent but is sharper when associated to a water content change (e.g. wet mantle Karato 2012) . The acute signature observed on our RFs is coherent with a metasomatism-induced hydration (Baptiste et al. 2015) which could enhance the EAGBS effect on seismic signal.
Finally, this structure may have a deeper origin and could reflect the interaction between Proterozoic inherited structures and flow from the lower mantle. As proposed by Bagley & Nyblade (2013) , lower mantle flow could have strongly influenced the Afro-Arabian rift, and its NE-NNE orientation probably control the tectonic deformation observed at the surface. These flows seem to not necessary correspond to the principal African plume but maybe more to a deflection of this one, preferentially channelled along the east side of the Tanzanian craton (Koptev et al. 2015) .
CONCLUSION
Analysis of receiver functions recorded by a broad-band seismic network in the North Tanzanian Divergence area, eastern branch of the East African rift, provides constraint on the accommodation of strain in a cratonic rifting lithosphere. Moho geometry evidences an asymmetric crustal thinning of about 10 km localized beneath the axial rift valley. The Vp/Vs ratio variations indicate strong modification of crustal composition. The strong correlation between high Vp/Vs ratio and major volcanic edifices advocates for the presence of magma/fluids within the crust associated with magmatic events. Beneath the rift axial valley, those variations are also controlled by the complex crustal structure and nature of the crust. A first LVZ is detected in the lower crust (15-35 km depth) and results from a combined effect of partial melting for areas where Vp/Vs ratio is high, temperature and rock composition variations. A second lowvelocity layer is identified at mid-lithospheric depth (∼60 km) and presents a decrease of up to 9 per cent in velocity. Its geometry and distribution is not restricted to the rift axial valley and can be the product of a melt accumulation within the upper mantle, the raising deflection of asthenospheric and metasomatized material. Alternatively, deformation processes like grain boundary sliding may take place in this thick rifting lithosphere and explain this velocity drop. For both LVZ, we assume Archaean and/or Proterozoic inherited structures to constrain their geometry and extension. No obvious link between the two LVZs at depth has been clearly demonstrated from receiver function analysis alone.
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